Objectives: To systematically identify and assess the evidence on the efficacy of exercise initiated early after traumatic spinal cord injury (SCI). Methods: A comprehensive search (Any-2014) of eleven databases identified studies evaluating exercise interventions initiated within 12 weeks after SCI on muscle and bone loss in paralyzed limbs and comparing with standard care or immobilization. Two reviewers assessed methodological quality. One reviewer extracted data and critiqued results according to the Spinal Cord Injury Rehabilitation Evidence body of evidence framework. Results: A total of 2811 titles were screened. Eleven studies were included: five randomized controlled trials, four cohort studies and two within-subject control studies. All provided level II evidence with a moderate risk of bias. Two studies found significant positive effects of high-load FES-resisted stance on physiological measures of muscle. Three reported positive effects of 3 months of Functional Electrical Stimulation (FES) on muscle size. Two studies found positive effects of 6-month body-weight supported treadmill training or FES on trabecular bone using pQCT. Conclusion: We found consistent evidence of positive effects of early exercise on muscle, possibly related to load intensity of the protocol. However, the heterogeneity of interventions and outcomes makes this determination speculative. Evidence for the effectiveness of early exercise on bone is scant and confined to measures of trabecular bone mineral density via pQCT. Transparent reporting of methods and variability of data, combined with standardization of valid and sensitive measures of muscle atrophy and bone loss, could facilitate future meta-analysis on this topic.
INTRODUCTION
Although evidence supports the positive health effects of exercise interventions in chronic spinal cord injury (SCI), [1] [2] [3] studies using animal models suggest that initiating exercise during a critical early period may optimize clinical outcomes. 4 The literature reports that substantial atrophy of sub-lesional skeletal muscle takes place within the first 6-12 weeks post injury. [5] [6] [7] Castro et al. 7 reported that, at 6 weeks, thigh muscle cross-sectional area was on average 35% less than that of size-and age-matched controls in the hamstrings and 31% less in the quadriceps.; at 11 weeks, the losses had increased to 41 and 38%, respectively. Sadowsky et al. 8 found a 36% mean increase in quadriceps muscle mass, with a concomitant 44% decrease in interand intramuscular fat, as well as an average 20-point increase in combined American Spinal Injury Association Impairment Scale (AIS) motor and sensory scores in 25 people with chronic SCI (AIS A-C) following functional electrical stimulation (FES) cycling ergometry (CE). A variety of interventions have been investigated to improve the muscle and bone of paralyzed limbs, with the aim of reducing secondary conditions such as fragility fractures and endocrinemetabolic disease. Some of these methods include FES-rowing, body-weight supported treadmill training (BWSTT), passive CE and robot-assisted ambulation. 3 However, the clinical use of exercise during the acute period after SCI varies widely. Concerns about potential triggering of autonomic dysreflexia, 9 unregulated hyperthermia 10 or other effects of neurogenic shock may deter health professionals from utilizing exercise interventions in the acute phase. Although current clinical guidelines advocate regular exercise for chronic SCI, 11 we are not aware of any recommendations regarding exercising early after SCI.
Promising therapies in rodent models have shown synergistic benefits of combining cellular or pharmacological therapies with physical exercise very early after injury. 12, 13 As rehabilitation frequency and duration has been acknowledged as a covariate for functional outcomes, 14 we ought to be knowledgeable about the singular effects of potential adjunct exercise interventions, in order to accurately assess the relative benefits of experimental therapeutic agents in combination treatment protocols. Recent Phase I/IIa clinical studies involve administration of a therapy within 48 h and begin recording outcome measures as early as 1 week to 3 months. 15 The aim of this study was to systematically review the evidence regarding the effects on bone and muscle tissue of exercise interventions involving paralyzed limbs in this early period after traumatic SCI.
MATERIALS AND METHODS

Eligibility criteria
The population intervention comparison outcome method was used to develop eligibility criteria for studies to include in the review. The population was confined to adult humans (age 18+) with acute traumatic SCI. We are aware of several potential interventions utilizing FES, passive ergometry or BWSTT, and new technologies are being developed rapidly. Therefore, the intervention criterion was purposefully broad and included any exercise intervention targeting the paralyzed limbs and initiated within 12 weeks post injury. Studies were sought, which compared early exercise intervention with standard care or immobilization, and reported outcomes measured within 6 months from baseline. The outcomes of interest were also exploratory; any valid measure reflecting muscle atrophy/hypertrophy or bone density/bone loss was eligible for inclusion.
The definition of 'acute' in reference to SCI is evolving. 16 A recent review of exercise interventions defined 'acute SCI' as o12 months post injury, because after this point recovery of function has in large part plateaued. 3 Although our choice of 12 weeks to define 'early' is somewhat arbitrary, evidence gleaned from this time frame would be relevant to translational studies of new therapeutics and also based on evidence that, although bone loss occurs immediately and gradually during the first 2 years post injury, thigh muscle atrophy occurs rapidly during the first 11 weeks and continues to decline up to 24 weeks. 17 The National Spinal Cord Injury Statistical Center reports that the median length of stay in the USA over the past four decades for complete tetraplegics is 25 days in acute care followed by 97 days in rehabilitation. For those with incomplete injuries the figures are 14 days in acute and 41-58 days in rehabilitation, depending on level of the lesion. Although length of stay has been decreasing over time, 12 weeks can arguably be considered early for studies conducted in the 1980 s when the median rehabilitation stay was 120 days for complete tetraplegics. 18 As we were interested in the effects of exercise on paralyzed limbs, we excluded studies with ASIA D participants. In that patient population, at least 50% of the muscles below the lesion have anti-gravity strength or better. The standard care exercise and activity levels of these individuals could be a significant confounder to the exercise interventions in question. All inclusion and exclusion criteria are presented in Table 1 .
Information resources
A comprehensive search (Any-2014) of eleven databases (Academic Search Complete, CINHAL, Cochrane, DOAJ, MEDLINE (OVID interface), Pedro, PhysEdIndex, PubMED, SCOPUS, Sports & Rehab and SPORTSDiscus), a manual search of relevant clinical trial registers and the references of key papers and previous reviews and a free-text search of Google Scholar identified 2811 titles for screening.
Scope
As pioneering studies, describing the use of FES after SCI, were published as early as 1965, we chose not to limit this search by date of publication. All English-language abstracts were screened, and articles written in languages other than English were not automatically excluded.
Search strategy
Development of the final search strategy was a highly iterative process. An initial search combining the terms 'acute spinal cord injury' and 'exercise' only retrieved three records. Eliminating 'acute' and combining 'spinal cord injury' and 'exercise' generated over 800 citations but failed to identify key articles known to the authors. The final search strategy employed an algorithm for each term, which was fine-tuned for each database, maximizing the use of available filters and qualifiers in order to minimize irrelevant records while still maintaining a broad and therefore comprehensive search (Appendix 1).
Selection process
The primary author eliminated duplicate records, studies without Englishlanguage abstracts and irrelevant studies by title. Two reviewers (MGP and MPG) independently evaluated the remaining abstracts for inclusion. Consultation with a third author (DE) provided resolution where the two reviewers were not in agreement. The selection process is illustrated in Figure 1 .
Appraisal of evidence
The methodological quality of each paper was assessed using one of the two tools, according to the study design. Randomized controlled trials (RCTs) were appraised using the Physiotherapy Evidence Database (PEDro) tool. 19 A systematic review on the assessment of non-randomized intervention studies identified the Downs and Black checklist as a robust tool for appraisal of non-randomized intervention studies. 20, 21 This scale has been customized for use in similar reviews. 3, 22 The criteria used in this review are included in Appendix 2. The primary author used a standardized data collection form to assess the risk of bias for each study. Uncertainties were resolved through discussion with the other two reviewers.
The primary author performed data extraction. Results are reported as mean difference between groups (percentage change from baseline) and 95% confidence interval, where data were reported or able to be calculated. Confidence intervals were calculated using a confidence interval calculator available for download free from the PEDro website; http://www.pedro.org.au. 23 Cohen's d was calculated using a web-based effect size calculator. 24 The level of evidence was determined according to the Spinal Cord Injury Rehabilitation Evidence (SCIRE) method. 22 
RESULTS
Study selection
Out of 2811 titles screened, 420 English-language abstracts were assessed, yielding 144 papers that required review via full-text. The majority of the exclusions thereafter occurred because the intervention was initiated after 12 weeks post injury as indicated by a detailed review of each paper (n = 84). Five studies met the early intervention and outcome criteria, but two of them had no control group, 25,26 one did not provide outcome measures prior to 1 year, 27 one involved only participants with AIS C and D combined, 28 and one study was reported via conference abstract only, and did not include point estimates or raw data for each group. 29 Figure 1 illustrates the selection process. Eleven papers met all inclusion criteria.
Study characteristics
Study design, methodological quality scores and participant and intervention characteristics for each study are presented in Table 3 . Our review included five RCTs, [30] [31] [32] [33] [34] four cohort studies [35] [36] [37] and two within-subject control studies. 38, 39 All studies provided Level II evidence according to the SCIRE framework. All of the RCTs had a moderate-to-high risk of bias, with PEDro scores ranging from 3 to 5 out of 9. None of the RCTs utilized concealed allocation or intentto-treat analysis, nor did they blind subjects or therapists. Two used blinded assessors and achieved baseline comparability. 30, 34 All of them provided point estimates and variability, but the two smaller studies did not provide group estimates. 32, 34 Six prospective studies had an average Downs and Black score of 16.8 out of 27. Risk of bias was highest for external validity (28%), selection bias (50%), reporting of adverse events (0 studies) and providing actual P-values (2 studies). Higher scores indicated lower risk of bias in the reporting (71%) and internal validity categories (81%). The scores for each study can be found in the first column of Tables 2-4 .
Interventions
Four studies examined FES-CE. 31, 33, 36, 37 All FES-CE protocols were performed for 30 min, 3 times per week. These studies used similar stimulation protocols but employed varying intensities, ranging from a mean power output of 2.2 W 31 to 24.5 W 33 after 12-13-week training. Two studies continued the intervention duration to achieve a mean power output of 12.7 ± 6.3 W after 4-9 months 36 and a range of 11-35 W after 6 months. 31 One study did not report power intensity. 37 We categorized these interventions as having low-to-moderate load, because although 24.5 W is considerably more load than 2.2 W, it is less than exercise intensity prescribed for a patient with congestive heart failure. 40 One study 41 examined the effects of BWSTT. Subjects exercised 3 times per week for 3-6 months. Because the body-weight support ranged from 20 to 80%, this protocol was considered low load. Two studies 38, 39 employed functional electrical stimulation in resisted stance (FES-RS) to provide loading to the muscles and bone of one lower limb, up to 1.5 × body weight, using the participant's untrained limb as the comparator. These studies were considered high-load interventions. FES was applied to the quadriceps in one study (15 min, 3-5 times per week), 38 whereas, the soleus muscle was targeted in the other (30 min, 4-5 times per week). 39 Both studies also examined the effects of passive standing in the untrained limbs of these participants for a within-subject control comparison.
Finally, four studies [30] [31] [32] 34, 35 administered FES to lower limb muscles without resistance or load (FES-IC) and one employed FES to extend the knee, lifting the leg against gravity (FES-AG). 34 These we classified as low-load interventions. The majority of these studies stimulated the quadriceps muscles either alone or in combination with the hamstrings. In one study, the quadriceps were stimulated along with the ankle dorsiflexors. 35 Protocol frequency for FES-IC was consistent across these studies at 5 times per week. In the study by Clark et al., 24 compliance with the protocol was weakest (61%). Although others ranged from 68 to 83% compliance, 6 of the studies did not report on compliance levels.
Adverse events
Out of 16 studies, including the 5 early intervention studies that were excluded due to lack of comparators, only nine studies reported monitoring for adverse events. All of these reported that no adverse events were associated with early exercise. Where monitoring was not reported, authors were contacted for further information, resulting in an additional two studies confirming an absence of adverse events. The total combined number of participants who safely participated in exercise within 12 weeks post injury in these sixteen studies included 28 who performed FES-CE, 11 who performed BWSTT and 43 who underwent FES-IC. Given that this information is not reported for 5 studies, the risk of reporting bias should be noted. Likewise, one must always consider that publishing bias favors positive results. 42 Muscle function and body composition Table 4 summarizes the results of the interventions for all muscle outcomes. Two studies found significant positive effects on physiological measures of muscle contractions with 6 months of high-load FES-resisted stance 38,39 using a within-subject control design. Three studies 30, 31, 33 found evidence of positive effects on muscle and body composition after 12-14 weeks of exercise intervention. Moderate intensity FES-CE 33 resulted in significant increases in muscle power after only 5 weeks. Muscle biopsy showed that this protocol was accompanied by significant increases in muscle fiber cross-sectional area (CSA) after 13 weeks, compared with controls. A low-intensity FES-CE protocol showed a significant increase in lean body mass after 6 months. 31 Results from unloaded FES protocols were inconsistent. One study found unloaded FES performed an average of 4 h per week over 14 weeks, led to an increase in thigh muscle CSA, visualized by MRI, which was associated with healthier baseline blood glucose levels and improved carbohydrate metabolism. 30 However, two other studies found no significant differences in muscle outcomes after 4-9 months, although these studies were of poorer methodological quality. 31, 32 Outcomes of bone measurements Table 5 summarizes the results of the interventions for all bone outcomes. Eight studies examined the effects of early exercise on bone tissue. Five measured bone mineral density with dual x-ray absorptiometry (DXA) and found no significant differences. Two studies measured cortical bone changes at the mid-shaft of the tibia, via CT and pQCT, and found no effect. Two studies measured the effect of BWSTT 41 or FES-RS 39 on trabecular bone of the tibia using pQCT, and both found a significant positive effect after 6 months of intervention.
DISCUSSION
The aim of this review was to identify and synthesize all information published to date regarding the efficacy of early exercise interventions targeting the paralyzed limbs, initiated within the first 12 weeks after traumatic SCI. An exhaustive search found 16 papers that met these criteria; however, five were thereafter excluded for not meeting the criterion for reporting of comparison data. Eleven out of those sixteen studies monitored adverse events and found none. This is consistent with reports from the SCI Locomotor Trial, a multisite RCT that found no increase in adverse events with BWSTT, initiated an average of 4.5 weeks post SCI (AIS B-D), compared with conventional physical therapy. 43 However, there remains considerable risk of reporting and publication bias on this important matter.
Overall, the body of evidence presented here would be considered level II evidence based on study design, according to the SCIRE methodology. However, there was a moderate risk of bias in all studies, primarily for selection bias and external validity. The methodological quality of the reviewed studies was fair, but the majority of the studies had only a small sample size, a common problem when studying this population. 16 Ideally, a meta-analysis would be able to combine multiple small studies to build a more robust base of evidence. However, only half of the studies reported sufficient data to allow confidence intervals and effect sizes to be calculated. Furthermore, the variety of interventions, with varying intensities (0-24 W), durations (4 weeks-3 years) and outcome measures precluded a meta-analysis in this review. bbreviations: AG, against gravity; BMD, bone mineral density; BW, body weight; CSA, cross-sectional area; D&B, Downs and Black Score; DF, dorsiflexors; DXA, dual x-ray absorptiomentry; FES, functional electrical stimulation; CE, cycle ergomentry; HS, hamstrings; IC, isometric contractions; LBM, lean body mass; Mod, moderate; NR, not reported; P, PEDro score; pQCT, peripheral quantitative-computed tomography; Quads, quadriceps; RS, resisted stance. ↑significant benefit compared with controls, +significant difference compared with low-intensity exercise group (Po0.05); **significant difference between groups (Po0.01); # no significant difference;^unable to calculate; ♦data in graphs only.
The results from our review appear nonetheless to support literature, indicating that paralyzed muscle tissue can hypertrophy with FES within a 3-month time frame. 44 Some large effect sizes were reported in muscle outcomes at 3-month follow-up points. The magnitude of muscle hypertrophy may be related to either the amount of resistance and/or the length of intervention, but given the diversity of outcome measures such comparisons remain speculative. One included study showed that improvements in muscle tissue correlated with improved metabolic indicators. 30 This is consistent with studies of similar interventions in the chronic SCI population. 8, 45 Further research is warranted to determine the clinical relevance of gaining or maintaining muscle tissue in the early period post SCI.
In contrast to the results seen with muscle outcomes, there was minimal evidence in this review of any exercise attenuating bone loss. This may be expected, as bone loss in acute SCI occurs at a much slower rate of 3-4% per month in the first half year 46 when compared with the rate of muscle atrophy, which is as much as 40% in the first 11 weeks. 7 There is an increased possibility of type II error in studies using DXA to measure changes in BMD, as pQCT measures of trabecular bone have been shown to be the most sensitive predictor of fractures in SCI. 47 In particular, two studies that used whole lower limb BMD (DXA) 30, 35 may have been unable to detect an effect because others have shown smaller effect sizes distal to the site of FES. 34, 37 Edwards et al 48 observed that a decline of 2% in BMD after acute SCI correlated to a 7% loss in CT-based finite element modeling Abbreviations: AG, against gravity; BMD, bone mineral density; BW, body weight; BWSTT, body-weight supported treadmill training; D&B, Downs and Black Score; DF, dorsiflexors; DXA, dual x-ray absorptiomentry; FES, functional electrical stimulation; CE, cycle ergomentry; CT, computed tomography; HS, hamstrings; IC, isometric contractions; Mod, moderate; NR, not reported; P, PEDro score; pQCT, peripheral quantitative-computed tomography; Quads, quadriceps; RS, resisted stance. ↑significant benefit compared with controls, +significant difference compared with low-intensity exercise group (Po0.05); **significant difference between groups (Po0.01); #no significant difference;^unable to calculate; ♦data in graphs only; §opposite of expected.
of femoral strength; thus, even a seemingly small change in DXA values could be clinically meaningful. A recent retrospective crosssectional study determined that the use of FES was associated with a lower prevalence of osteoporosis in chronic SCI. 49 Limitations Limitations of this review are in part due to the nature of the studies that were included. Small sample size, poor reporting and risk of bias were common. This review was purposefully broad in its scope; however, the resulting heterogeneity of interventions and outcomes precluded a synthesis of the evidence. Although every effort was made for quality control, one author undertook data extraction.
CONCLUSION
We found some consistent level II evidence of a positive effect of early exercise on muscle tissue within the first 3-6 months post SCI, possibly related to load and intensity of the exercise protocol. However, the heterogeneity of interventions and outcome measures used makes this determination speculative.
Evidence for the effectiveness of these interventions on bone is scant and confined to measures of trabecular bone mineral density via pQCT in two studies. 39, 41 This may be a type II error, resulting from insensitive measures. In particular, the use of DXA measures of BMD, which was common in these studies, has been shown to be inferior to pQCT measures of trabecular bone in the SCI population. 47 Further work is needed to identify valid and sensitive outcome measures of muscle atrophy and bone loss, which could be standardized for use in clinical trials in order to facilitate future meta-analysis, as has been done with other outcome domains with the Comprehensive International Classification of Functioning, Disability and Health (ICF) Core Set. 50 In order to make use of such measures, future studies must also maintain scientific rigor, utilize transparent reporting of methods and include confidence intervals and effect estimates. Only then can the data from small studies be utilized and built upon.
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